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Introduction

See file uvod.tex for information about recommended contents of the Introduction
chapter.
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Chapter 1

Current State of Nanopore Signal
Analysis
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Chapter 2

Methodology and Research
Methods

The aim of this chapter is to explore in detail a particular DNA nanopore signal process-
ing pipeline developed at the Computational Biology Group at Comenius University
Bratislava. The purpose of this pipeline is to produce an alignment of the raw signal
data to a known reference genome. Such alignment can be then used for various other
applications [2].

As seen in fig. 2.1, the processing is done in several steps, which will be discussed
further in this chapter. First, raw signals from the nanopore sequencer have to be
acquired and stored. The raw signals are then converted into a DNA sequence, which
is then aligned with a reference genome. However, this obtains only an approximate
alignment, which is then further improved by a custom alignment algorithm.

The pipeline itself was developed for use with the previous generation of nanopore
sequencers. As the new generation of nanopore sequencing technology became gradu-
ally available, many of the software tools developed for this generation became obsolete
and were replaced by new ones.

Unfortunately, many bioinformatics pipelines (including this one) depended heavily
on these tools. This makes it increasingly difficult (or impossible) to use them with
new data obtained from next-generation sequencers.

Sequencing Basecalling Pre-alignment
Read

processing
Re-alignment

Signal Bases

Signal

Figure 2.1: A diagram of the nanopore signal alignment pipeline.
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CHAPTER 2. METHODOLOGY AND RESEARCH METHODS 4

Figure 2.2: Basic principle of nanopore sequencing used by Oxford Nanopore Tech-
nologies. A DNA strand is moving through the nanopore, which is used to measure
electrical current passing through it.

2.1 Principles of Nanopore Sequencing
The first step of the pipeline is to obtain the data that will be processed. In this
case, that means using a DNA sequencer—a device that can determine order of the
nucleotide bases of a given DNA. A DNA strand consists of nucleotides, which are
composed of one of four different bases: adenine, cytosine, guanine, or thymine.

Currently, there are several next-generation sequencing methods in active use and
development. One of the most notable methods is the nanopore sequencing developed
by Oxford Nanopore Technologies, mostly thanks to its ability to produce very long
reads of the strands, its speed, portability, and low cost.

The DNA strand passes through a small barrel-shaped protein, called a nanopore,
embedded in a membrane (fig. 2.2). During this process, a special motor protein
is attached to the DNA, which regulates the speed of its translocation. By applying
voltage across the membrane, it is possible to measure the ionic current passing through
the nanopore, which changes as DNA passes through the nanopore [29].

A sequence of raw signal measurements (also known as squiggle) can be then used to
determine nucleotide bases through a process called basecalling (also discussed in sec-
tion 2.3). Another common practice is to analyze the raw signal data directly (or
in combination with basecalling) in an attempt to utilize the additional information
present in the signal, or to skip computationally intensive basecalling [2].

A big advantage of nanopore sequencing technology is that the same principles can
be used for direct RNA sequencing, whereas other sequencing technologies have to rely
on complementary DNA (cDNA) that is synthesized through reverse transcription of
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the RNA. Such approach has several disadvantages, for example inability to sequence
non-coding RNA [31].

2.2 File Formats for Storage and Processing of the
Nanopore Data

During (not just) nanopore sequencing, a large amount of various data is acquired or
produced. As such, there are many different data formats designed for different kinds
of data, and any data processing pipeline will inherently need to utilize multiple such
formats.

This section will describe some of the most used file formats that are relevant to
our pipeline—FAST5 for storage of raw nanopore signals, FASTA for representing any
nucleotide sequence, and finally, SAM for storing alignments of sequences.

2.2.1 Raw Nanopore Signal

The measurements produced by a nanopore sequencer are transmitted to a computer
for further processing, either in real time or asynchronously. However, even if the
processing is performed in real time, it is often useful to store the raw signals itself.
This makes it possible to perform a different kind of analysis or to repeat the analysis
later, with more advanced tools. Furthermore, storing the raw data is necessary for
development of new processing techniques.

The amount of data produced can be quite large, as even a single MinION flow
cell contains 512 nanopore channels, each of which can simultaneously read a different
strand at speeds up to 450 bases per second [13]. To store such amounts of data and to
facilitate fast and efficient access, an appropriate data storage format has to be used.

Until recently, all Oxford Nanopore Technologies sequencers used the custom FAST5
format to store the raw signals of reads [6]. The FAST5 format is based on the Hi-
erarchical Data Format (HDF5) designed for efficient storage of large datasets in a
structured way.

The HDF5 file logical data model organizes the data using groups and datasets. A
dataset is a logical representation of the data itself, with attached metadata such as
the data type, size and other properties. Each group can store both datasets and other
groups, effectively organizing the data into a tree-like structure [27].

The FAST5 format is essentially just a definition of the structure of data contained
in a HDF5 file. Originally, a single FAST5 file contained just a single read of the
nanopore, but the specification was later changed to allow multiple reads in a single file.
This is currently the only supported option, with the single-read files being officially
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deprecated and unsupported.
Similarly, the FAST5 format was originally designed to contain not only the raw

data from nanopore sequencer, but also results of other analyses performed on this
data, such as basecalling. The use of this option is now discouraged, and the ONT
tools have removed the support to write the results to FAST5 [15].

In case of the pipeline described in this chapter, the FAST5 files produced by
the sequencer are expected to contain only the raw nanopore signal data of multiple
reads. These raw signals are stored in FAST5 as a series of 16 bit integers representing
quantized values from the analog-to-digital converter of the sequencer. These values
can be converted to actual current using the following relation [6]:

Ij = (si + o)
r

d
, (2.1)

where Ij is the electrical current of the j-th sample in pA, sj is the quantized value
of the j-th sample, o is the offset error of the analog-to-digital converter, r is the
measurement range in pA, and d is the number of quantization levels used. The values
of o, r, d are stored together with the raw signal data in the FAST5 file.

2.2.2 Nucleotide Base Sequences

FASTA is a simple plain text-based format for the storage of nucleotide sequences.
It consists of two parts: a single line starting with the > character containing the
description of the sequence and the sequence itself stored as a string of letters A, C, G,
and T (or U in RNA) on multiple lines (typically aligned to 80 characters) [11].

Listing 2.1: An example of a sequence stored in the FASTA format.
1 >NC_004354.4 Drosophila melanogaster chromosome X
2 GAATTCGTCAGAAATGAGCTAAACAAATTTAAATCATTAAATGCGAGCGGCGAATCCGGAAACAGCAACTTCAAACCAGT
3 CACTCTGGCTGAACTAAATGGCCTGATAAACTCACTGGAATTAAAGAAAGCCCCAGGAACTGACAATCTTAACAACAAGA
4 CCATAATAAACTTACCTACAAAGGCCAGAATATATTTAATACTTATTTATAACAACATCCTGAGAACTGGACATTTCCCG
5 ...

Over the years, FASTA became the de facto standard for handling nucleotide se-
quences, whether as a storage format for reference genomes, input format for sequence
alignment, or querying genome databases. Its popularity, simplicity, and lack of any
formal standardization have naturally led to the creation of many modifications and
variants [4].

One such variant is the FASTQ format, which extends the basic FASTA format
with a sequencing quality score of each base. This is achieved by including a quality
line for each line of the sequence, which contains the same number of characters. These
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characters represent different estimated probabilities of error, which serves as a quality
score for each base [4].

2.2.3 Sequence Alignment

One of the most common tasks in bioinformatics is the alignment of sequences (dis-
cussed further in section 2.4. The primary goal is to rearrange one or more sequences
so that shared subsequences are aligned. One of the most used formats for storing
results of alignment is the Sequence Alignment Map (SAM) format and its compressed
binary equivalent BAM.

SAM is a plain text-based format that consists of header lines containing various
(optional) metadata, and multiple alignment lines, each describing one linear alignment
of a segment to reference. Each line consists of multiple tab-separated fields, the most
important being the position of the leftmost mapping and a Compact Idiosyncratic
Gapped Alignment Report (CIGAR) string representing the alignment [28].

Op Description

M alignment match
I insertion to the reference
D deletion from the reference
N skipped region from the reference

Table 2.1: Overview of basic operations in CIGAR strings.

The CIGAR string is a sequence of operations represented by letters (see table 2.1),
prefixed by a number indicating how many times the operation is repeated. For exam-
ple, 6M2D3M represents a segment with six bases exactly matched to the reference, two
deletions from the reference, and another three exact matches [28].

As mentioned earlier, the binary counterpart to SAM is the BAM format, which
has the same internal structure as SAM, but with added gzip compression. To enable
fast random access, a BAI file with an index can be created [28].

2.3 Basecalling of the Nanopore Signal Data
As explained in section 2.1, the direct output of nanopore sequencing is a sequence of
electrical currents measured across the nanopore, affected by the DNA or RNA strand
passing through it. In order to obtain a sequence of nucleotide bases, the raw signal
has to be processed first. This process is commonly referred to as basecalling.

While sequenced bases are not the desired output of this pipeline, basecalling is used
internally for alignment and mapping performed by the Oxford Nanopore Technologies
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reverse GRU+ tanh

GRU + tanh

reverse GRU + tanh

GRU + tanh

reverse GRU + tanh + softmax

Input
raw data
(n × 1)

Output
predictions
(n/2 × 40)

Hidden data
(n/2 × 256)

Conv (kernel=19, stride=2)
+ ELU

(1 985 320 parameters)
Flip-flop

Figure 2.3: The flip-flop neural network architecture used in the Guppy basecaller [30].

tool Megalodon as the next step of the pipeline, described in section 2.4 [16].
The nature of the raw signal data makes basecalling (or any other kind of process-

ing) a rather complex task. In addition to the usual issues such as noise in the signal,
there are numerous other ones caused by the sequencing process itself.

Notably, a single measurement does not correspond to just one nucleotide, but to a
whole sequence of nucleotides (also called k-mer) that are currently in the nanopore and
affect the measured current [22]. The size of the k-mer depends on the used nanopore
chemistry and has slowly increased over the years, with 9-mer models currently being
used for basecalling [19].

Furthermore, the motor protein attached to the DNA cannot maintain a completely
constant translocation speed, while the sampling frequency remains the same. As a
result, signal segments of the same duration do not correspond to the same number of
nucleotide bases [22].

Another source of complexity are chemical modifications of nucleotides, such as
methylations, where a regular nucleotide is modified by attaching a methyl group. This
does not change the resulting DNA sequence, but the different chemical properties of
these nucleotides can affect the resulting signal [22]. On the one hand, this makes
basecalling much more difficult, but the additional information in the raw signal makes
it possible to develop novel methods that can detect these modifications [2, 8].

Even though early basecallers used hidden Markov models [5], the complexity of the
task quickly led to the adoption of more powerful approaches such as deep convolutional
and recurrent networks [3, 25]. Currently, the research focuses on transformer-based
basecallers, which achieved even higher accuracy [18].

Although the architecture of models used in the Guppy basecaller was always based
on convolution and recurrent neural networks, there have been multiple changes in the
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architecture over time. One of the last architectures used is the flip-flop architecture
shown in fig. 2.3, which is an evolution of architectures used previously.

In the flip-flop architecture, the length of the input signal is first reduced by the
convolutional layer. Then, a series of Gated Recurrent Unit (GRU) hidden layers is
used to process the data. Finally, the probabilities of each base are obtained in the
softmax layer, which are then used to create the final resulting sequence of nucleotides.

Despite the generally good accuracy of current basecallers, the performance is not
always consistent across different types of experiments and genomes. The neural net-
work models do not always generalize sufficiently and there are many cases when a
model trained on a dataset from certain species performs significantly worse on a dif-
ferent species [30].

Another important aspect of the neural network basecallers is their speed and
computational complexity. Because nanopore sequencing technology allows for real-
time sequencing, a significant effort is put into making the basecaller capable of real-
time processing [30]. Due to the complexity of the models, this often requires high-
performance hardware.

2.4 Approximate Alignment of the Raw Nanopore
Signal

In the next part of the pipeline, the Oxford Nanopore tool Megalodon is used to obtain
an approximate alignment of the raw nanopore signal to the bases of the reference
genome. As the data obtained from nanopore sequencers can have a quite high error
rate, the alignment requires the use of more sophisticated methods that take these
errors into account.

The Megalodon first performs a regular basecalling using the Oxford Nanopore
basecaller Guppy, which translates the raw signal data into a sequence of bases. This
sequence is then aligned using the minimap2 aligner [15]. As the output of the Guppy
neural network is anchored to the input data, it is then possible to create a direct
mapping from the raw signal to reference genome [16].

Most aligners, including minimap2, are based on an approach called seed-and-
extend, first used in BLAST [1]. In this approach, two sequences of nucleotide bases
are first divided into (usually overlapping) k-mers, which are then compared across
the sequences, obtaining positions of k-mers that are present in both sequences, called
seeds. This comparison can be performed efficiently by saving all the k-mers and their
positions from the first sequence into a hash map, which is then used to look up k-mers
from the second sequence [7].

As can be seen in fig. 2.4, the seeds (which represent subsequences where the se-
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Figure 2.4: Seed-and-extend alignment of sequences.

r1 r5r3r2 r6r4

s1 s5s3 s7s2 s6s4 s8

Figure 2.5: Alignment of two sequences using dynamic time warping.

quences match exactly) are joined to other seeds by expanding the subsequences, thus
allowing errors in the joined subsequences. Lastly, subsequences that cannot be ex-
panded are joined by adding spaces to the sequences using dynamic programming [7].

The number of possible k-mers grows exponentially with k, so the amount of mem-
ory required for the storage of the hash table can be very large for very long sequences
and high values of k. A technique called minimizers is employed by minimap2 (and
various other aligners) to reduce the number of stored k-mers [7]. This is done by
choosing and saving a representative k-mer (usually lexicographically the smallest, or
the smallest after applying a hashing function) out of a sliding window of w consecutive
k-mers. The same approach is then used for processing of the second sequence [23].

The minimap2 algorithm also includes numerous improvements and optimizations
of this basic process, such as heuristics for expansion and alignment [7]. However, these
are out of the scope of this work.

Although this method of alignment is relatively straightforward and has mostly
acceptable accuracy, the same kind of complexities that make basecalling a rather
difficult task also complicate the alignment. For example, modified bases which often
decrese the accuracy of basecalling are one such source of errors [2]. Therefore, if a
higher quality of alignment is required, it is necessary to use the additional information
contained in the raw signal data to improve accuracy.

2.5 Realigning the Signal Mappings
The last part of the described signal processing pipeline attempts to further improve
the signal mappings obtained in the previous section. The method used in this part
of the pipeline is inspired by the approach used in the tool Nadavca developed by the
Computational Biology Group at Comenius University Bratislava [2].

The method itself is based on dynamic time warping (DTW), a dynamic program-
ming algorithm that attempts to align two time series in a way that minimizes the
difference between their corresponding points by non-linearly shrinking or expanding
(warping) the sequences, as can be seen in fig. 2.5 [12].
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The alignment of the sequences s = (s1, . . . , sn) and r = (r1, . . . , rm) can be de-
scribed by an alignment path P :

P = (p1, . . . , pl), (2.2)

where each tuple pi = (ni,mi) ∈ (1, n)× (1,m) represents the alignment of element sni

to element rmi
. The alignment path P must also satisfy the following conditions[12]:

• boundary condition: p1 = (1, 1) and pl = (n,m),

• step-size condition: pi+1 − pi ∈ {(0, 1), (1, 0), (1, 1)} for each successive pi and
pi+1.

The quality of the alignment path P is given as follows:

cP (s, r) =

|P |∑
i=1

c(sni
, rmi

), (2.3)

where the value of the cost function c(sni
, rmi

) is small if the elements sni
and rmi

are
similar. Then, the optimal alignment path is a path P , for which the value of cP is
the lowest possible. More formally, the cost of the optimal alignment path between
sequences r and s is:

DTW(r, s) = min
p∈A

(cp (r, s)) , (2.4)

where A is the set of all alignment paths between r and s that satisfy the conditions
mentioned above [12].

To avoid costly and inefficient computation of all possible alignment paths, a dy-
namic programming approach can be used. In essence, this solution works by con-
structing an accumulated cost matrix D with dimensions (n,m). Each element D(i, j)

has a value that corresponds to the cost of optimal alignment between subsequences
s(1 : i) and r(1 : j) [12]:

D(i, j) = DTW (s(1 : i), r(1 : j)) . (2.5)

The matrix D can be computed iteratively using the following relation [12]:

D(i, j) =


c(1, 1) i = 1 ∧ j = 1

∞ i = 1 ∨ j = 1

min(D(i− 1, j), D(i, j − 1), D(i− 1, j − 1)) + c(i, j).

(2.6)
In case of our pipeline, a modified dynamic time warping based algorithm is used to

align the raw signal data to the expected signal constructed from the reference genome.
First, the raw signal data are normalized with the normalization algorithm from the
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Oxford Nanopore Technologies research basecaller bonito, which can be described by
the following equations [18]:

shift = max(10,mshift(Qa(s) +Qb(s)) (2.7)

scale = max(1,mscale(Qb(s)−Qa(s)) (2.8)

s′i =
si − shift

scale , (2.9)

where Qa(s) and Qb(s) denote the a-th and b-th quantiles of the raw data sequence s.
The default values of the parameters used by bonito are a = 0.2, b = 0.9, mshift = 0.51,
and mscale = 0.53 [18].

The normalized raw data pre-aligned to the reference genome are then used to
calculate medians for each 5-mer, which are used to construct expected signal of the
reference genome (denoted r). The alignment itself is performed by a custom version
of dynamic time warping, in which the most notable difference is the modified step-size
condition: pi+1 − pi ∈ {(1, 0), (1, 1)} for each successive pi and pi+1. In other words,
this means that the warping is performed only in one direction, by ”shrinking” the
raw signal s. The accumulated cost matrix D′ is then computed using this modified
relation:

D′(i, j) =



c(1, 1) i = 1 ∧ j = 1

D(i, j − 1) + c(i, j) i = 1 ∧ j ̸= 1

∞ i ̸= 1 ∧ j = 1

min(D(i, j − 1), D(i− 1, j − 1)) + c(i, j).

(2.10)

As was shown previously, the dynamic programming approach works by construct-
ing an accumulated cost matrix with dimensions (n,m). The length of the nanopore
reads can be quite long, which could cause the matrix to be too large to fit into mem-
ory. To avoid this, the signal is split into chunks of more manageable sizes, which are
processed by DTW independently.

After the accumulated cost matrix is fully calculated, the final alignment is recon-
structed iteratively by retracing the optimal choices from the lower right corner of the
matrix, obtaining an alignment of the reference genome to the raw data. Finally, all
outputs (squiggles, reference, and mapping) for a single read are saved for further use.



Chapter 3

Designing Signal Analysis Software
For New Generation of Nanopore
Sequencers

The previous chapter described the various parts of a nanopore signal data alignment
pipeline, which will be used as a base of this work. Unfortunately, this pipeline has
not been maintained for some time, and as such, it is dependent on now obsolete third-
party tools, which have to be replaced. The first part of this chapter will focus on
changes brought by the new generation of nanopore sequencers and how they affect
the pipeline.

In the next part of the chapter, the whole pipeline will be rebuilt using new gen-
eration tools. In order to simplify future maintenance, a new framework for building
pipelines will be proposed with the aim of abstracting the implementation details of
third-party tools from the pipeline.

Lastly, the capabilities of the signal alignment pipeline will be extended for the
alignment of RNA sequences obtained using direct RNA sequencing.

3.1 Changes in the New Generation of Nanopore
Sequencers

Since the first commercially available nanopore sequencer was released in 2014 by
Oxford Nanopore Technologies, the nanopore sequencing platform has been in active
development with numerous changes both in the hardware and software [29]. These
changes often enable new functionality or improve the performance and accuracy of
sequencing. Unfortunately, many of these changes have been large enough to break
compatibility of existing user tools, workflows, and pipelines, such as the one described
in chapter 2.

13
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Figure 3.1: A single MinION flow cell consists of the sensor array, which contains the
nanopores and circuits for measurment of the currents during sequencing. Samples
are added to the chamber of the sensor array directly through a priming port. After
sequencing, samples flow to the waste chamber [17].

This has been the case in the past few years with the introduction of the R10
flow cell, new software tools and formats. Although R10 has been released into early
access in 2019 [20], the previous generation has been still in use until recently. This
section will explain all of the relevant changes that need to be addressed during the
development of signal analysis software for this generation of nanopore sequencers.

3.1.1 New Flow Cells and Chemistry Kits

The nanopore is a protein with limited lifespan that decreases mainly through use. As
such, the nanopores are not part of the sequencing device itself but are contained in a
separate, replacable cartrige called flow cell [9]. When the nanopores in the flow cell
are spent, the entire flow cell is removed from the sequencer and replaced by a new one
right before the next sequencing.

The flow cell (see fig. 3.1) houses an array of nanopores embedded in a polymer
membrane in a well of the sensor array. The sensor array is connected to an ASIC that
measures currents in the nanopores and controls the sensor array itself [17].

Before DNA or RNA samples can be sequenced, they must first be extracted and
chemically prepared by an appropriate procedure (protocol), also known as library
preparation. These procedures and chemistry are specific to the type of sequencing
performed and the version of the flow cells.

The R10 series of flow cells uses a new design of nanopores with a longer barrel
and significantly increases accuracy [10]. Furthermore, the new pores support duplex
basecalling, in which the complement strand of the DNA is read immediately after
sequencing the template strand. When combined with a proper processing (introduced
in the new-generation basecaller Dorado, see section 3.1.3), this further increases the
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accuracy of sequencing.
In general, changes in the R10 series have notably improved the accuracy of reads,

with some benchmarks reporting an approximately 10% improvement over the R9
series [13]. The accuracy is now reaching a level where it is starting to be possible
to reconstruct the whole genome using only a nanopore sequencer, although hybrid
approaches are still considered superior [24].

In some applications, such as detection of methylated bases, R10 flow cells do not
seem to provide any observable improvement over the older generation [13]. The R10
series is also supposed to have higher yields, though this was not confirmed as an issue
with motor protein has probably caused lower yields than R9 [13, 24].

3.1.2 Data Storage Format

A notable change that is mostly related to the new basecaller (see section 3.1.3) is
the introduction of the POD5 data storage format, which replaces the formerly used
FAST5 (described in section 2.2.1) with the aim of improving write and read speeds,
recovery in case of a crash during writing and increasing the storage efficiency [21].

Similarly to FAST5, POD5 is also not a completely custom format, as it is based on
the Apache Arrow project, which defines a language-agnostic in-memory data format
designed for fast data interchange and analytics [26]. However, unlike FAST5, it is
used only for the raw signal data itself and not for the outputs of basecalling or other
analyses [21].

A POD5 file is essentially a container for three Apache Arrow tables [21]:

• a reads table which contains metadata for each read performed during the se-
quencing,

• a signal table containing the raw signal data itself,

• a run info table identifying the sequencer runs (if the file is a result of multiple
runs).

Even though the one of the major motivations behind the POD5 format was to
enable performance improvements in the future basecaller (as described in section 3.1.3,
the format itself was released before its introduction. As such, support for POD5 was
first added to the previous generation basecaller Guppy [15].

However, the introduction of the new data format has certainly brought some chal-
lenges, as not all legacy software tools have added the support for POD5, making it
harder to use newly sequenced data with such tools. While the conversion is a relatively
straightforward process, it may cause additional issues mainly in tools that relied on
features such as writing basecaller output directly to the FAST5 file.
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Figure 3.2: The architecture of the Dorado basecalling pipeline.

Fortunately, the impact of the new format on the signal alignment pipeline should
be minimal, as no stage of the pipeline expects the FAST5 file to contain anything
other than the raw signal. This means that conversion of FAST5 to POD5 files should
not cause unexpected problems.

3.1.3 Software Tools

The R10 series of flow cell has been released gradually over the span of several years
while in continuous development. Therefore, for a significant amount of time, software
support for this generation was developed within previous generation tools. As such,
the Guppy basecaller supports some of the older versions of the R10 flow cells [15].

However, in order to fully utilize the capabilities of the updated hardware, a new
basecaller (and other tooling) was eventually introduced. A new basecaller Dorado was
developed from scratch in order to solve many of the issues that the Guppy basecaller
had, and to serve as a platform for future developments [14]. It is also noteworthy
that unlike ONT’s previous basecallers, Dorado and its machine learning models are
open-source.

Although Dorado is first and foremost a basecaller, it also consists of multiple tools
designed for processing nanopore sequencing data, which can be integrated into its
basecalling pipeline (described in fig. 3.2).

In the preprocessing part of the basecalling pipeline, the raw signal data is nor-
malized. The choice of normalization method varies with the used basecalling model,
with several strategies such as quantile normalization and median absolute deviation
commonly used [14]. Additionally, sequencing adapters added to the DNA or RNA
strand during library preparation are usually detected and trimmed from the raw signal
during this phase [14].

The next step of the pipeline is the basecalling itself. In this part, a machine learning
model trained for the specific combination of the nanopore type, the chemistry used,
and the type of sequenced strand (DNA or RNA) is used to predict the most probable
sequence of bases captured by the signal. The models themselves were initially of an
LSTM based architecture similar to the models in Guppy, but recently new transformer-
based models were released [14].

The additional processing step of the pipeline provides options for running addi-
tional analyzes on the results. For example, the basecalled sequence can be aligned
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using an embedded minimap2 aligner to known reference genome (as described in sec-
tion 2.4). Finally, the post-processing step can be used for further read trimming and
splitting before writing the output [14].

Apart from standard DNA and RNA basecalling, Dorado also enables basecalling of
modified bases and barcoding—a technique, where special sequences called barcodes are
attached at the beginning of the strands in order to distinguish samples from multiple
sources after sequencing them in same run.

The Dorado basecaller is a production basecaller meant for general use on sequenced
data. However, ONT also maintains an open source research basecaller Bonito used
primarily to train new basecaller models and develop new methods. Although Bonito’s
functionality is limited compared to Dorado, Bonito contains the source code for the
models used in Dorado, making it useful for creating new custom models [18].

Changes in the Dorado base caller will have a significant impact on the pipeline.
Previously, the re-alignment step of the pipeline relied on the signal mappings gener-
ated by Megalodon and the Guppy basecaller, both of which have been deprecated.
Therefore, this functionality will have to be replicated using the new Dorado basecaller.

3.2 Designing Signal Analysis Framework
Historically, these types of changes in the nanopore sequencing platform have occurred
many times. Although big platform changes such as this one are more rare, maintaining
a larger number of pipelines or software tools may require significant effort.

This is in large part due to the way most of these tools are created. Usually, they
consist of a number of scripts and are highly dependent on many third-party tools and
libraries. This means that even small changes in the capabilities and interfaces of these
dependencies cause significant issues in the whole tool.

While reducing the number of dependencies would certainly help in many instances,
it is often not possible due to their complexity. However, these issues can be mitigated
by using a common framework that abstracts the details of the third-party tools and
provides a stable interface for creating own pipelines and tools. The aim of this chapter
is to explore the requirements on such framework and design a basic version, which
will be used as a basis of the pipeline described in chapter 2.

3.3 Adapting Alignment Pipeline

3.4 Extending Capability for RNA Alignment



Chapter 4

Results

4.1 Designing Evaluation Metrics and Methods

4.2 Performance Evaluation of DNA Re-alignment

4.3 Performance Evaluation of RNA Re-alignment
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See file zaver.tex for information about recommended contents of the Conclusion
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